Introduction
Compared to most cells of the adult body, blood leukocytes are exceptionally migratory. The majority of tissue cells exhibit relatively stable interactions with neighboring cells and matrix in order to define tissue/organ architecture and boundaries. By contrast, in order to conduct their immune functions in patrolling and eliminating pathogens, leukocytes must continually traffic throughout all compartments of the body [1] . This requires an ability to efficiently cross tissue barriers such as endothelial and epithelial cell layers. Thus, leukocytes are truly 'invasive' cells, which, in fact, are far more adept at border crossing than the metastatic tumor cells for which we usually reserve this term. A central question, which relates to, but nonetheless is distinct from issues of adhesion, locomotion, and chemotaxis per se, is precisely how leukocytes negotiate and ultimately cross tissue barriers.
The vascular endothelium lining the circulatory system, though significant heterogeneity exists [2, 3] , is principally a monolayer of endothelial cells growing on an abluminal matrix (i.e. basement membrane). Junctions between endothelial cells are elaborate and complex, with different adherens, tight and gap junction zones, each formed from distinct molecular components [4] (Figure 1a, b) . The endothelium forms the selectively permeable barrier between the blood circulation and the underlying tissues. Furthermore, by controlling leukocyte entry into (i.e. 'intravasation') and exit from (i.e. 'extravasation') the circulation, the endothelium plays a central role in leukocyte trafficking.
The process of transendothelial migration, especially during extravasation, has been the subject of intense investigation. Extravasation begins with the accumulation of circulating leukocytes on the luminal surface of the endothelium through a well-characterized sequence of rolling, activation, and firm adhesion events [5] (Figure 1a ). Subsequent integrin-dependent lateral migration is an important next step that seems to enable leukocytes to search out sites permissive for endothelial barrier penetration [6, 7 ]. However, the final and crucial steps for identifying such sites and then formally breaching the endothelium remain only partially characterized and have long been subjects of controversy.
In 1873, Arnold posited 'Leukocytes pass through specialized openings between endothelial cells' (via 'para-cellular' migration) [8] . Shortly thereafter Adami, unfettered by modern conceptions of cell biology, intuitively challenged that 'leukocytes might pass directly through [individual] endothelial cells as one soap bubble may pass through another' (via a 'trans-cellular' route) [9] . Indeed, the first studies to directly address mechanisms for transendothelial migration in vivo (using electron microscopy (EM)) demonstrated evidence for both trans-cellular [10] [11] [12] and para-cellular [13, 14] pathways. Importantly, among the many subsequent studies to demonstrate trans-cellular diapedesis in vivo (recently reviewed elsewhere [15]) was a subset that (through use of serialsection and scanning EM) provided conclusive proof for the existence of this route [16] [17] [18] [19] [20] [21] [22] [23] [24] . Ironically, however, the lack of clear evidence for trans-cellular diapedesis in initial studies using cultured in vitro endothelial models [25] [26] [27] seemed, for the most part, to supplant the previous in vivo observations and the concept of transcellular migration became largely abandoned. Recently, the first in vitro observations of trans-cellular diapedesis and additional in vivo reports have been made, reviving interest in, and facilitating experimental investigation of, this process. In this review we will summarize these findings, discuss putative mechanisms, and finally attempt to place this phenomenon in an appropriate perspective as a physiologic cell biological process. Mechanisms for para-cellular migration have been extensively reviewed elsewhere [25-27] and will be discussed here only in the context of specific comparisons to, and in contrast with, trans-cellular migration.
A renaissance for trans-cellular migration , and migratory/inflammatory stimuli (TNF-a, IL1-b, IL-8, SDF-1a, fMLP, and PAF), both under both static and physiologic shear flow conditions. The quantitative contribution of the trans-cellular mechanism to overall diapedesis (i.e. including both trans-cellular and para-cellular) in these studies has ranged from 5 to 60%. Importantly, when HUVEC models were used the percentage of trans-cellular migration was typically low (5-10%) [28  ,29  ,30  ,33 ], whereas studies using HDMVECs, HLMVECs, HCAECs, and HLyECs tended to show much higher use of trans-cellular routes (30-40%) [31 ,33 ,34 ]. These results demonstrate that heterogeneity exists in the propensity of distinct endothelial cell types to support trans-cellular diapedesis. In addition, this suggests one potential reason for the difficulty in documenting trans-cellular diapedesis in the early in vitro studies, which were done predominantly with HUVECs.
During the same time, new investigations demonstrating trans-cellular diapedesis in vivo have been reported. Through serial-section EM 100% of lymphocytes crossing the blood-brain barrier endothelium in a murine model of multiple sclerosis (i.e. experimental autoimmune encephalomyelitis) were found to migrate trans-cellularly [36 ] . Using a similar approach, lymphocyte extravasation through Peyer's patch high endothelial venules in both normal homing and inflammation was seen to occur exclusively through trans-cellular pores adjacent to intact junctions [37] . Finally, using the relatively lower resolution imaging technique of whole mount confocal microscopy, 15% of neutrophils could be unambiguously observed to migrate trans-cellularly across inflamed postcapillary venules [7 ] . The remainder of the migration events occurred near junctions (i.e. peri-junctionally) and was inferred to be para-cellular.
Mechanisms for trans-cellular migration

Getting in position
The first step for adherent leukocytes in formally crossing the endothelium is to actively seek out sites permissive to penetration. It has been demonstrated both in vitro [6] and in vivo [7 ] that efficient diapedesis requires integrin-dependent lateral migration over the endothelium. This has been generally interpreted as allowing leukocytes to move to junctions for para-cellular diapedesis At permissive sites podosome-like protrusions progressively extend, transitioning to 'invasive podosomes', to initiate trans-cellular pore formation for diapedesis (see ultrastructure in (g)). Active SNARE complex-dependent endothelial vesicle fusion at the site of protrusion may facilitate this process. (e) Electron micrograph of a mouse skin postcapillary venule interendothelial junction. Note the highly interdigitated interface. A density toward the top of the interface probably represents a tight junction. Other junctional adhesion complexes cannot be identified unambiguously in this micrograph and are therefore not specifically indicated. Significant amounts of vesicles, VVO, and caveolae are also present. (f) Electron micrographs depicting representative lymphocyte podosome-like protrusions forcing podo-print invaginations into the endothelial surface. Significant levels of endothelial vesicles and caveolea are evident near these protrusions both free in the cytoplasm and fused to the podo-prints (red arrows). (g) Electron micrographs depicting representative lymphocyte invasive podosomes spanning across the majority of the endothelial thickness and forcing endothelial apical and basal membranes into close opposition, as though poised for trans-cellular pore formation. Electron micrographs were provided by Tracey Sciuto and Ann Dvorak. [6, 7 ] . However, it is clear that not all endothelial locations are equally permissive to trans-cellular diapedesis. For example, regions directly over the rigid nuclear lamina never serve as sites for trans-cellular migration [34 ] , whereas relatively attenuated peripheral/peri-junctional regions seem to be used preferentially [16, 18, 20, 24, 36 ,37]. Thus, the lateral migration observed to precede trans-cellular diapedesis [29 ,30 ,33 ,34 ] probably serves to position leukocytes where trans-cellular pore formation can occur most efficiently. This begs the question, in the absence of a discrete preexisting locus (e.g. the junctions for para-cellular diapedesis), how can such sites be identified?
Probing for a trans-cellular migration locus Current studies suggest a role for podosome-like protrusions in migratory pathfinding [34 ] . Podosomes (i.e. 'foot-protrusions') are relatively newly discovered [38] actin-dependent protrusive organelles (500 nm in both diameter and depth) that form preferentially on the ventral aspect of highly migratory cells including leukocytes [39] . Shortly after their discovery, podosomes were shown to form in leukocytes (NK cells) adhering to endothelium and were speculated to function in extravasation [40] . It was recently demonstrated, through fluorescence and EM, that lymphocytes and monocytes dynamically protrude and retract (with half-lives 20 s) dozens of podosome-like protrusions during their lateral migration over the endothelium [34 ] (Figure 1b , f). These protrusions force cognate invaginations (termed 'podo-prints') into the surface of the endothelium causing local displacement of cytoplasm, cytoskeleton, and other organelles [34 ] . Though not characterized in detail, remarkably similar lymphocyte-induced endothelial invaginations were also observed using TIRF microscopy [33 ] . Importantly, this dynamic protrusive behavior always preceded, and was functionally required for, efficient trans-cellular diapedesis [34 ] .
In vitro and in vivo ultrastructure analysis revealed a continuum of protrusion depths ranging from 100 to 2000 nm [34 ] . The longer (>1000 nm) structures (termed 'invasive podosomes') bear similarity to invadopodia (protrusions that confer invasive properties to metastatic tumor cells [39, 41] ) and often span nearly the entire endothelial cell thickness, placing the apical and basal membranes in close opposition (Figure 1g ). Thus, it is proposed that dynamic podosomes-like protrusions serve to stochastically 'probe' or 'palpate' the endothelial surface as a means to efficiently identify locations of relatively low endothelial resistance, at which, protusions are able to progressively extend thereby driving trans-cellular pore formation [34 ] . Ultrastructurally defined protrusions remarkably similar to podosomes and invasive podosomes have also previously been observed to be formed by lymphocytes [ ]. Thus, in response to leukocyte adhesion and/or protrusion, endothelial cells trigger SNARE complex mediated recruitment and fusion of vesicles. Vesicle fusion may serve to locally augment the plasma membrane surface area, thereby lowering surface tension and allowing leukocyte invasive podosomes to probe progressively deeper (Figure 1d) . Additionally, these vesicles may also deliver adhesion receptors [33 ,51] and chemokines [52] to further enhance trans-cellular migration efficiency.
Endothelial cytoskeletal rearrangements
The endothelial cytoskeleton may play both facilitating and modulating roles in trans-cellular migration. Actin/ intermediate filament-dependent, ICAM-1-enriched and VCAM-1-enriched endothelial projections termed 'transmigratory cups' or 'docking structures' have been demonstrated to partially embrace transmigrating leukocytes both in vitro and in vivo [11, 17, 28 , , whereas toxinmediated inhibition of stress fibers caused transient micron-scale pores to form in endothelium that facilitated trans-cellular bacterial extravation [57] . These findings suggest a potential role for stress fibers in route modulation.
Adhesion receptors in trans-cellular migration
Adhesion receptors on leukocytes and endothelium may be important for determining the sites for transmigration. In one experimental setting neutrophil trans-cellular migration at sites distant (>5 mm) from interendothelial junctions was strongly favored by high endothelial ICAM-1 expression in a manner largely dependent on the integrins LFA-1 and to a lesser extent Mac- 1 [30 ] . This is consistent with the known importance of b2 integrin occupancy/signaling in driving podosome formation [39] and with the strong enrichment of LFA-1 and ICAM-1 observed in invasive podosomes and podo-prints, respectively [34 ] . Alternatively, in an in vivo model, knockout of Mac-1 integrin was found to be associated with decreased lateral migration, delayed extravasation, and a large increase (65% compared to 15% for wild type) in trans-cellular migration events that occurred far from endothelial junctions [7 ] . Thus, it was suggested that Mac-1-dependent lateral migration was required for leukocytes to reach 'optimal' (i.e. relatively more peripheral) sites for transmigration [7 ] . As discussed below, however, it remains unclear whether such sites represent the junctions themselves or peri-junctional trans-cellular migration routes.
Specific adhesion receptors are also important for both traction and barrier maintenance during trans-cellular migration. ICAM-1-enriched and VCAM-1-enriched transmigratory-cups/docking structures provide an adhesion substrate oriented parallel to the direction of diapedesis, which may facilitate leukocyte protrusion against the endothelium during both trans-cellular pore and paracellular gap formation [ ]. Additionally, homophilic adhesion molecules, including PECAM-1, JAM-1, and CD99, which are expressed on both endothelium and some leukocytes, are thought to be important for diapedesis [25] [26] [27] . Though enriched at endothelial junctions and generally thought to function exclusively in para-cellular migration, PECAM-1 and JAM-1 were also shown to become enriched at, and function in, trans-cellular migration events [34 ] . It has been suggested that directed trafficking of intracellular pools of PECAM-1 could facilitate its localization to both paracellular and trans-cellular migration sites [51] .
Putting trans-cellular migration into perspective
Trans-cellular migration as a cell biological process Although trans-cellular migration has met with widespread skepticism and has been out of fashion for many decades, collective in vitro and in vivo evidence now demonstrates it to be a physiologic cell biological process. Furthermore, the demonstration that it is initiated by podosome protrusion now puts it on a firm mechanistic 'footing'. It is already well established that membrane fusogenic mechanisms, involving vesicular structures (e.g. caveolae and VVO) and frank trans-cellular pores (i.e. fenestrae), function routinely in endothelial and epithelial cells to facilitate transcytotic passage of fluid and solute [2, 3, 58] . Although the extent to which molecular mechanisms are actually shared remains to be fully elucidated, trans-cellular movement of leukocytes, compared to solutes, may involve similar endothelial cell events.
Potential advantages of trans-cellular migration
What possible benefits might be gained by using a transcellular migration pathway? The problem of crossing cellular barriers might be rephrased as an issue of either disassembling highly organized intercellular adhesion complexes (i.e. a para-cellular route) or circumventing them (i.e. a trans-cellular route). In this light, one can envision both mechanical (see 'Path of least resistance') and functional advantages for trans-cellular migration.
Perhaps the most important potential functional benefit may be in barrier preservation. In this regard, let us consider the following analogy: in construction, in order to maximize the overall integrity of a structure, doorways, and windows are never placed where they would interrupt primary beams. The primary feature that defines endothelium as an integrated organ and barrier is the intercellular junction [4] . Thus, it might seem intuitive to evolve leukocyte migratory mechanisms that do not excessively stress this central structural element. This could be particularly important in settings of high leukocyte flux, as in homing to lymphoid organs or emigration at sites of acute inflammation. Barrier maintenance also requires efficient closure of the transmigration passage subsequent to diapedesis. Although mechanisms for trans-cellular pore closure remain to be characterized, one could envision relatively enhanced efficiency of a process that relies only on a single endothelial cell compared to one that depends on coordinated activity of two or more endothelial cells, as is the case for para-cellular migration. Potential for such barrier-preserving functions has recently been supported in vivo where it was demonstrated that a predominantly trans-cellular leukocyte extravasation model elicited either similar, or in some conditions significantly less, barrier disruption than a predominantly para-cellular model [54, 47] .
Energetics and the 'path of least resistance'
Lossinsky and Shivers have proposed that extravasation occurs through the 'path of least resistance' [43] , an idea that was recently supported by in vivo studies [59] . Preexistence of the intercellular junctions as potential loci for transmigration does not, however, necessarily indicate that a para-cellular route will be the most energetically favorable. Unlike our common schematic representations, interendothelial junctions in vivo are often tortuous and highly interdigitated, involving (by crosssection) many microns of linear cell-cell contact [36 ] (Figure 1e ).
These junctions are stabilized by well-organized molecular adhesion complexes (i.e. adherens, tight, and gap junctions) coupled to cortical actin networks [4] . Mechanisms for junction disassembly during para-cellular migration are thought to include an energy-expensive process of Rho-mediated stress fiber assembly and contraction in endothelium [25, 26, 60] . By contrast, the total thickness of the endothelium (i.e. the distance to be traversed during trans-cellular diapedesis) is usually only several hundred nanometers (often 100 nm at peripheral/ peri-junctional sites [16, 18, 20, 36 ,37]) and is, in effect, often further attenuated by the presence of plasma membrane-attached caveolae and VVO [22, 58] (Figure 1e) . Thus, while it may not be possible to calculate absolute values, it seems reasonable that in many settings a transcellular pathway may provide a relatively lower energy barrier and thereby represent the path of least resistance.
Evaluating transmigration: para-cellular or perijunctional?
Trans-cellular migration may be significantly underestimated because of technical limitations. Among carefully conducted in vivo serial-section EM studies, many demonstrate that trans-cellular migration preferentially occurs in close proximity, often within 100-200 nm, to intact junctions [16, 18, 20, 24, 36 ,37] (Figure 1d ). However, the majority of quantitative analyses have come from light microscopy where the limit of resolution is 200 nm. Thus, with exception (i.e. high-resolution serial-section confocal microscopy used in conjunction with VE-cadherin staining), most light microscopy applications cannot reliably distinguish true para-cellular migration events from those that occur through perijunctional trans-cellular pores. Investigators using light microscopy have accordingly been cautious, only scoring those events that are relatively distant (usually at least several microns) from junctions as trans-cellular, whereas peri-junctional events are by default scored as para-cellular [7 ,28 ,30
,34 ]. Thus, light microscopy may underestimate the extent of trans-cellular migration.
Other settings for trans-cellular migration Significant evidence exists for the dominant use of a trans-cellular pathway during intravasation of both leukocytes and megakaryocytes across bone marrow endothelium (reviewed elsewhere [15] ). In addition nonendothelial barriers may be crossed trans-cellularly. For example, it has been demonstrated in vivo that neutrophils are capable of trans-cellular diapedesis through the pericytes that underlie the vascular endothelium [20] . Extensive leukocyte migration also occurs in vivo across epithelial cell layers, such as the mucosal epithelia of the intestine, airway, and urinary tract, where the mechanisms remain either only partially understood [61] or uninvestigated. Interestingly, we recently found that lymphocytes could readily form trans-cellular pores across epithelial cells in an experimental setting in vitro (i.e. CHO-K1 expressing ICAM-1-GFP) [34 ] . It is also important to consider cell types other than leukocytes that are highly migratory such as stem and metastatic tumor cells. Although transendothelial migration of tumor cells is relatively poorly characterized, several in vivo studies provide strong support for the use of a trans-cellular mechanism, in at least some settings [50, 62, 63] . Stem cells are emerging as important cellular therapeutics that clearly undergo extensive trafficking in vivo [64, 65] . Mechanisms and routes for transendothelial migration used by these cells currently remain important open questions.
Conclusions
Extensive previous and current in vivo studies, coupled with emerging in vitro work, establish that trans-cellular migration is an important and physiologic solution to the problem of crossing tissue barriers. Many crucial issues remain to be addressed including the molecular basis for trans-cellular pore formation and closure, and the determinants driving preference for trans-cellular versus paracellular routes. In addition to continued characterization of basic molecular mechanisms in vitro, it will be crucial to more broadly map the specific in vivo settings in which trans-cellular or para-cellular migration pathways are favored. It is anticipated that the leukocyte type, vascular bed, and specific migratory/inflammatory stimulus will collectively contribute to such behavior. Mapping of route usage will provide a better understanding of the general roles for each pathway and will be crucial for the development of effective anti-inflammatory therapeutics that target leukocyte trafficking. 
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